Here we investigate the function of zebrafish Bcl-2 family proteins and demonstrate important conservation of function across zebrafish and mammalian systems. We have isolated a zebrafish ortholog of mammalian BIM and show that it is the most toxic of the zebrafish BH3-only genes examined, sharing this characteristic with the mammalian BIM gene. The zebrafish bad gene shows a complete lack of embryonic lethality, but like mammalian BAD, its pro-apoptotic activity is regulated through phosphorylation of critical serines. We also found that the pattern of mitochondrial dysfunction observed by zebrafish BH3 domain peptides in a mammalian cytochrome c release assay recapitulates the pattern of embryonic lethality induced by the respective mRNA injections in vivo. In contrast to zebrafish Bim, Bid exhibited only weak binding to zebrafish Bcl-2 and moderate-to-weak overall lethality in zebrafish embryos and isolated mitochondria. Given that zebrafish Bcl-2 binds strongly to mammalian BID and BIM peptides and proteins, the protein identified as the zebrafish Bid ortholog has different properties than mammalian BID. Overall, our results demonstrate the high degree of functional conservation between zebrafish and mammalian Bcl-2 family proteins, thus validating the zebrafish as a model system to further dissect the molecular mechanisms that regulate apoptosis in future forward genetic and chemical modifier screens.
Here we investigate the function of zebrafish Bcl-2 family proteins and demonstrate important conservation of function across zebrafish and mammalian systems. We have isolated a zebrafish ortholog of mammalian BIM and show that it is the most toxic of the zebrafish BH3-only genes examined, sharing this characteristic with the mammalian BIM gene. The zebrafish bad gene shows a complete lack of embryonic lethality, but like mammalian BAD, its pro-apoptotic activity is regulated through phosphorylation of critical serines. We also found that the pattern of mitochondrial dysfunction observed by zebrafish BH3 domain peptides in a mammalian cytochrome c release assay recapitulates the pattern of embryonic lethality induced by the respective mRNA injections in vivo. In contrast to zebrafish Bim, Bid exhibited only weak binding to zebrafish Bcl-2 and moderate-to-weak overall lethality in zebrafish embryos and isolated mitochondria. Given that zebrafish Bcl-2 binds strongly to mammalian BID and BIM peptides and proteins, the protein identified as the zebrafish Bid ortholog has different properties than mammalian BID. Overall, our results demonstrate the high degree of functional conservation between zebrafish and mammalian Bcl-2 family proteins, thus validating the zebrafish as a model system to further dissect the molecular mechanisms that regulate apoptosis in future forward genetic and chemical modifier screens. Members of the BCL-2 family of proteins are key regulators of the intrinsic, or mitochondrial, apoptotic pathway. The BCL-2 family can be subdivided into three main functional classes based primarily on number of conserved a-helical BCL-2 homology (BH) domains. The pro-survival members contain all four BH domains and include BCL-2, BCL-X L , MCL-1, A1/ BFL-1, and BCL-W. The multidomain pro-apoptotic members (BAX, BAK, and BOK) each contain BH domains 1, 2, and 3, but members of the pro-apoptotic BH3-only class (BID, BIM, BAD, NOXA, PUMA, HRK, BIK, BMF) show conservation only in the BH3 domain.
BCL-2 family proteins control the commitment to programmed cell death in the mitochondrial-mediated apoptosis pathway. 1, 2 Exposure of the cell to a wide variety of pro-death signals leads to activation of the BH3-only proteins. 3, 4 The pro-apoptotic activity of these proteins is dependent on a functional BH3 domain 5 and the presence of BAX and BAK. 6, 7 BID and BIM are able to interact with and consequently induce the homo-oligomerization and activation of BAX and BAK, and are therefore called activator BH3-only proteins. 8, 9 Activation of BAX and BAK causes mitochondrial outer membrane permeabilization followed by release of cytochrome c and other apoptosis-promoting factors into the cytosol. 10, 11 Cytochrome c is then able to bind to APAF-1 and Caspase-9 to form a holoenzyme that activates Caspase-3 through proteolytic cleavage, thus culminating in cell-wide proteolysis. 2 Pro-survival BCL-2 family members (like BCL-2) can bind and sequester the activators, thus preventing them from activating BAX and BAK. 9, 12, 13 A class of pro-death BH3-only proteins called sensitizers (including BAD, NOXA, BIK, HRK, BMF) cannot activate BAX and BAK directly. 9, 14 Rather, they are thought to act indirectly by displacing the activators from pro-survival member-binding pockets, thereby releasing the activators to trigger the activation of BAX and BAK. One notable characteristic of activators (including BID and BIM) is that they are capable of binding to all pro-survival BCL-2 family members, whereas sensitizers demonstrate more selective interaction patterns. 8, [14] [15] [16] It has recently become evident that some of the historically most useful genetically tractable models of apoptosis differ significantly from mammals in the mechanism by which apoptosis is controlled. For instance, BAX and BAK are essential for apoptosis in mammals, but no ortholog has been identified in Caenorhabditis elegans. Thus, it would be of great utility to validate a genetically tractable vertebrate model that shares key features of apoptotic control with the human system. The zebrafish genome contains orthologs of nearly all of the known BCL-2 family genes. [17] [18] [19] Overexpression and morpholino knockdown studies in zebrafish have demonstrated lethality by pro-apoptotic members and cytoprotection by antiapoptotic members of the bcl-2 family. 20 Although the identification and cloning of the zebrafish bcl-2 family of genes is nearly complete, zebrafish bim was previously reported to be a pseudogene 20 and has not yet been functionally analyzed. BIM plays such a critical role in numerous types of mammalian cell death; its absence would call into serious question the applicability of zebrafish models. Here we report the cloning and functional analysis of the zebrafish bim gene. We furthermore demonstrate the crossspecies conservation of function of a number of zebrafish BH3-only genes as well as the antiapoptotic zebrafish gene bcl-2. This confirmation of the function of key members, like Bim, of the zebrafish bcl-2 family provides significant support for the use of this vertebrate to model mammalian cell death biology.
Results
Identification of a functional zebrafish ortholog of human BIM. We identified predicted zebrafish bim exons by syntenic analysis. Specifically, predicted coding sequences surrounding human and mouse BIM were analyzed to identify highly conserved neighboring genes. The ACOXL (Acyl-Coenzyme A Oxidase-Like) gene is an ideal candidate, as it is located approximately 50 kb 5 0 to the BIM gene in the mammalian genomes. To identify the corresponding zebrafish acoxl gene, we performed a BLASTX search in the Ensembl Zebrafish genome database using the human ACOXL protein sequence. We analyzed sequences 3 0 to the zebrafish acoxl gene and identified GeneScan-predicted exonic sequences that encoded a putative protein containing a BH3-only domain. We confirmed that this predicted transcript was an expressed gene in zebrafish embryos by performing RT-PCR on RNA derived from 24 h post-fertilization (hpf) embryos and subcloning the expressed product into the pCS2 þ plasmid. Wild-type cDNA coding sequence was then compared to the GeneScan-predicted transcript and found to be identical. An alignment of the predicted translation product revealed an overall 26% identity and 35% similarity with human BIM EL ( Figure 1) , with 100% conservation of the BH3 domain. Thus, we have identified a zebrafish ortholog of mammalian BIM (GenBank accession no. EF539840).
An intact mitochondrial-mediated apoptosis pathway is maternally provided in zebrafish. Zygotic transcription in the zebrafish embryo begins at 2.5 hpf, at the mid-blastula transition, before which only maternally provided proteins are found within the embryo. 25 Overexpression of zebrafish BH3-only genes leads to varying levels of lethality in developing embryos as measured at 8 h post-mRNA injection. 20 As all mitochondria are maternally derived, it is an important question whether zygotic mitochondria already bear a maternal imprint of BCL-2 family proteins, or whether they arrive 'empty' and expression of BCL-2 family members is only established during embryogenesis. As such, this knowledge will prove useful in zebrafish forward genetic screens designed to interrogate the mitochondrial-mediated apoptosis pathway, as it will reveal the likelihood of identifying maternal effect mutations that affect cell death. Figure 1 Alignment of zebrafish Bim and mouse and human BIM (EL) proteins. The zebrafish bim gene was identified and its protein product aligned with mouse and human BIM sequences (GenBank nos. AF032459 and AF032457, respectively) using ClustalW and Boxshade from the EMBnet server. The domain specific to the EL isoform lies in the area between the arrows and the nine-amino-acid core BH3 domain is underlined. *Conservation of human serine 69, shown previously to be phosphorylated by ERK1/2.
21,22 # Possible conservation of human serine 87 (depending on where the zebrafish serine 68 (zS68) is aligned), shown previously to be phosphorylated by AKT. 23 Also shown, the mammalian dynein light-chain (DLC) binding site 24 does not appear to be conserved in zebrafish Bim. (b) Individual pairwise alignments were used to determine percent identity and overall similarity between protein sequences Thus, we asked whether zebrafish BH3-only proteins could induce apoptosis before the advent of zygotic transcription. To address this question, we injected zebrafish embryos with 100 ng/ml of mRNA encoding each gene or egfp as a negative control, at the one-cell stage of development (approximately 15 min post-fertilization), and followed their development during the first 2 hpf. Within the first hpf, embryos injected with mRNAs encoding bim, noxa, or puma ceased normal development and underwent a structural breakdown (Figure 2a) . Conversely, development of embryos injected with egfp, bid, or bad mRNA proceeded normally during this time period. To determine if the structural breakdown involved activation of the mitochondrial-mediated apoptosis pathway, we fixed the injected embryos at the two-to four-cell stage and performed immunofluorescence with an antibody to activatedhuman Caspase-3 (from here on referred to as the Casp3 assay). Caspase-3 activation in embryos was an early indication of active apoptosis and predicted structural breakdown by the eight-cell stage (Figure 2a ). At the 8-to 16-cell stage (1.25-1.5 hpf), embryos injected with bim, noxa, and puma exhibited similar phenotypes to each other, as did embryos injected with egfp, bid, and bad ( Figure 2b ).
Figure 2
Overexpression of the zebrafish BH3-only genes bim, noxa, and puma, but not bad or bid, causes widespread embryonic death via maternally provided apoptotic machinery. (a) One-cell stage embryos were injected with 100 ng/ml of mRNA encoding the indicated genes, and development of the embryos was evaluated by brightfield microscopy. One representative embryo from each group is shown. At the two-to four-cell stage, half of the embryos were fixed and analyzed for apoptosis by Casp3 assay. Fluorescence indicates the presence of activated caspase-3 in a representative embryo from each group. (b) Groups treated as in (a) are shown at the 8-to 16 -cell stage to demonstrate that bim, noxa, and puma mRNA injections give rise to overall similar phenotypes. (c) One-cell stage embryos were injected with a range of doses of mRNA encoding the indicated genes, and embryos were scored for survival at 2 h post-injection. The concentration of wild-type mRNA in ng/ml is indicated for each gene. The total mRNA concentration of each injection was held constant at 100 ng/ml using egfp mRNA to make up the difference. BH3 mutant forms of each gene (bh3mut) described in (d) were injected at 100 ng/ml and included to demonstrate that the lethality is caused by the respective BH3-domain. Standard deviation is representative of three to six independent experiments. (d) BH3 domain mutations were created for each zebrafish BH3-only gene by changing the residue(s) denoted by an asterisk to alanine
To quantify the embryonic toxicity induced by each BH3-only gene, we injected a range of doses of mRNA and calculated embryo survival at 2 hpf ( Figure 2c ). As has been found in mammalian systems, bim and puma were found to be most toxic. Zebrafish bim mRNA proved the most toxic as most embryos were dead at an mRNA concentration of 3 ng/ ml. Lethality caused by puma and noxa was nearly maximal at 10 and 30 ng/ml, respectively. At the maximal dose of 100 ng/ ml, zebrafish bid showed moderate lethality whereas bad and egfp were nontoxic. Although higher amounts of bid mRNA may induce more toxicity (as demonstrated by 20 Kratz et al.), we occasionally see nonspecific morphological defects arising from injection of greater than 100 ng/ml mRNA, and thus, this is our upper injection limit. By 24 hpf, about half of the 100 ng/ml bid-injected embryos had survived, whereas all of the bad-and egfp-injected embryos continued to develop normally (data not shown).
As the pro-apoptotic activity of mammalian BH3-only proteins requires an intact BH3 domain, 5 we asked whether the embryonic apoptosis of each zebrafish BH3-only gene was specifically mediated by their respective BH3 domains, or by some other mechanism. Thus, we introduced mutations into the nine-amino-acid core BH3 domains of bid, bim, noxa, and puma ( Figure 2d ) and injected mRNA encoding these mutant proteins into embryos (Figure 2c) . Mutation of the BH3 domain abrogated the lethality induced by each of the mRNAs indicating that embryonic death is occurring in a BH3-domaindependent manner. Consistent with a specific requirement for the BH3 domain in inducing embryonic lethality, co-injection of zebrafish bcl-2 mRNA rescues the lethality induced by overexpression of bid, bim, puma, and noxa mRNA overexpression in this assay (data not shown). These experiments demonstrate that zygotes inherit maternal mitochondria that are fully competent to execute apoptotic signals.
Analogous to mammalian BAD, zebrafish Bad can radiosensitize neural tissue, and conserved serines are required for its pro-apoptotic activity. Expression of mammalian BAD has been shown to enhance radiationinduced apoptosis in cell culture. 26, 27 To validate the use of the zebrafish to model mammalian apoptosis, we wanted to test whether this very specific function was shared by zebrafish Bad. As overexpression of zebrafish bad was nontoxic to zebrafish embryos, we asked whether it could enhance radiation-induced apoptosis in neural tissue. To verify that Bad protein was being expressed after mRNA injection, we created a fusion gene between bad and mcherry (a dsRED variant). Similar to unfused bad, mcherry-bad failed to induce embryonic lethality (data not shown) even though it was clearly expressed by 2 h postinjection (Figure 3a) . We next injected embryos with 100 ng/ml of mRNA encoding mcherry-bad or mcherry as a negative control. At 24 hpf, half of the embryos in each group were exposed to 15 Gy g-radiation (IRR), and all embryos were fixed 3 h later and analyzed by the Casp3 assay. Exposure of the control-injected embryos to IRR caused widespread apoptosis throughout the brain and spinal cord (Figure 3b) . Overexpression of mcherry-bad in the absence of IRR induced a low level of apoptosis in the head at 27 hpf. However, upon exposure to IRR at 24 hpf, mcherry-badexpressing embryos appeared to exhibit a greater level of activated Caspase-3 activity in both the brain and spinal cord. To capitalize on the difference in radiosensitivity between control-and mcherry-bad-injected embryos, we identified a dose of radiation (4 Gy) that led to a clear ( Figure 3c ) and quantifiable (Figure 3d ) difference between control-and bad-injected embryos. The ability of mcherrybad to enhance radiation-induced apoptosis required a functional BH3 domain because embryos injected with mRNA encoding a mutation in the zebrafish Bad BH3 domain (mcherry-bad bh3mut, Figure 2d ) showed apoptotic levels of control-injected embryos.
The activity of mammalian BAD is negatively regulated through phosphorylation of (mouse) serines 112, 136, and 155 and subsequent binding by 14-3-3 proteins. 28 Zebrafish Bad shows conservation of mouse serines 136 and 155 (zebrafish Bad serines 84 and 103, respectively, shown in Figure 3e ). To mimic phosphorylation at these serines and to assess whether the phosphoregulation of BAD activity is conserved in zebrafish, we mutated zebrafish serines 84 and 103 to aspartate (bad 2SD). Indeed, phosphomimicking at these serines prevented zebrafish Bad from radiosensitizing nervous tissue (Figure 3c and d and data not shown).
We next asked whether the lack of Bad toxicity in the early embryonic assay (Figure 1 ) was due to serine phosphorylation immediately following translation of the injected mRNA. To prevent phosphorylation at these sites, we mutated serines 84 and 103 to alanine (bad 2SA). Embryos injected with bad 2SA began to die by apoptosis by 4 h post-injection (Figure 3f and  g ). Most embryos failed to survive by 8 h post-injection. Thus, similar to mammalian BAD, the pro-apoptotic activity of zebrafish Bad appears to be regulated by serine phosphorylation.
Zebrafish Bcl-2 and BH3-only proteins function in mammalian systems. One of the strengths of the zebrafish is the ability to perform forward genetic screens in a vertebrate model system. However, it is important to test whether the genetic pathway in question maintains a high degree of functional conservation, such that information gained from these screens will be applicable to human biology. To establish the degree to which zebrafish Bcl-2 family proteins are functionally conserved, we asked whether they could function in mammalian systems similar to their mammalian counterparts. To this end, we tested the ability of zebrafish BH3 domain peptides to induce cytochrome c release in mitochondria isolated from mouse embryonic fibroblasts (MEFs). We designed zebrafish BH3 domain peptides that align in sequence to human or mouse peptides that have been analyzed previously ( 9 Letai et al. and 14 Certo et al.; Figure 4a) , and results were compared to these mammalian peptides (Figure 4b ). Among the zebrafish BH3 domain peptides, Bim was the most potent inducer of cytochrome c release, similar to mouse BIM and in keeping with its expected role as an 'activator'. 9 On the contrary, Bid was one of the least potent of the zebrafish peptides, similar to its modest activity in vivo (Figure 2c ). Like the human PUMA peptide, the zebrafish Puma peptide had substantial activity in this assay. The zebrafish Noxa peptide, on the other hand, showed only moderate activity. Finally, the zebrafish Bad BH3 peptide was unable to induce cytochrome c release, consistent with the role of mammalian BAD as a sensitizer BH3-only protein. 9 None of the peptides showed any activity in cells that lacked BAX and BAK (Figure 4c) , indicating that the BH3 peptides function through the genetic pathway of mitochondrial-mediated apoptosis rather than by nonspecific damage to the mitochondria.
Zebrafish BH3 domains exhibit selective interaction with mammalian and zebrafish antiapoptotic BCL-2 proteins. A common characteristic of mammalian activator proteins like BID and BIM is that they are able to bind to all of the pro-survival Bcl-2 family proteins, whereas sensitizer BH3-only proteins tend to exhibit more selectivity in binding. 8, 14, 15 For instance, the mammalian BAD BH3 peptide binds to BCL-2 and BCL-xL, but not to MCL-1, Figure 3 Zebrafish Bad enhances radiation-induced apoptosis and its activity is likely regulated by serine phosphorylation. (a) Embryos were either uninjected or injected with 100 ng/ml of mcherry-bad and analyzed for mcherry expression by fluorescence microscopy 2 h after injection. One representative embryo from each group is shown. Asterisks denote the yolk region. Arrows point to the blastomeres of the animal pole. (b) Embryos were injected at the one-cell stage with mRNA encoding mcherry (as a negative control) or mcherry-bad. At 24 hpf, embryos were either left unexposed or exposed to 15 Gy g-radiation and harvested 3 h later. The Casp3 assay was performed, and apoptotic cells were visualized by fluorescence microscopy. (c) Embryos were injected with mRNA encoding mcherry, mcherry-bad, mcherry-bad bh3mut (mcherry-bad L99A, see Figure 2c ), or mcherry-bad-2SD and either left unexposed or exposed to 4 Gy g-radiation and harvested and analyzed as in (b). In the whole embryo (above), the white box denotes the region of the spinal cord documented below. (d) Five to ten embryos from each group of embryos analyzed in (c) were blindly selected and apoptotic cells were documented by fluorescence microscopy. Fluorescence intensity from a representative region of the spinal cord from each embryo was quantified by Volocity software and displayed as arbitrary units of fluorescence (pixel) intensity. Student's t-tests were performed as indicated to measure statistical significance. **Po0.05. (e) Alignment of part of zebrafish Bad and mouse and human BAD proteins. Asterisks denote serines 84 and 103 in zebrafish Bad that show conservation with mouse serines 136 and 155 (and human serines 99 and 118), respectively. (f) Messenger RNA encoding mcherry (control), bad, and bad 2SA was injected into zebrafish embryos at the one-cell stage, and survival was measured at the indicated time points. (g) Embryos surviving at 5-h post-injection in the experiment described in (f) were analyzed by Casp3 assay. Asterisks denote the yolk region. Arrows point to the blastomeres of the animal pole whereas the NOXA BH3 peptide shows the opposite binding pattern. To investigate the importance of this trend, we asked whether zebrafish BH3-only proteins exhibited proteinprotein interaction patterns that were similar to those observed with mammalian BH3-only proteins. We generated full-length GST-tagged zebrafish Bcl-2 protein and tested the binding affinity of BH3-domain peptides by fluorescence polarization (Figure 5a and b) . Among the mammalian peptides, the activators BID and BIM demonstrated the highest affinity for binding to zebrafish Bcl-2. Zebrafish Bim followed suit showing the highest affinity among the zebrafish peptides. However, zebrafish Bid showed no significant binding activity, again suggesting that the function of this protein has diverged in zebrafish. Interestingly, human PUMA had approximately 15 times stronger binding affinity than zebrafish Puma, whereas both mouse and zebrafish Bad and Noxa showed comparatively weak binding.
As zebrafish Bcl-2 was proficient at binding to human BID and BIM peptides, we asked whether it could also bind fulllength protein in the context of LY-1 cell lysates. We generated affinity-purified GST-tagged zebrafish Bcl-2 and performed a GST pull-down assay (Figure 6a) . We found that GST-zebrafish Bcl-2, but not GST alone, was indeed able to bind to human BID and the long (L) and extra-long (EL) isoforms of BIM. As the ability to bind pro-death BID and/or BIM is a requisite for the pro-survival function of Bcl-2, [29] [30] [31] [32] we next examined whether zebrafish Bcl-2 could promote survival in mammalian cells (Figure 6b ). We transfected FL5.12 cells with either pCMV-3XFLAG-zebrafish Bcl-2 or vector alone. Upon IL-3 withdrawal, these cells normally undergo a mitochondrial-mediated apoptotic death. However, overexpression of zebrafish Bcl-2 reduced the Annexin V positivity in serum-starved cells by almost half, proving that the pro-survival function of zebrafish Bcl-2 is conserved across species. Finally, we reasoned that in order for zebrafish Bcl-2 to exert its pro-survival function in FL5.12 cells (which express undetectable levels of BID), it must be binding to BIM upon IL-3 withdrawal. Thus, we immunoprecipitated FLAG-tagged zebrafish Bcl-2 with an anti-FLAG antibody and analyzed its binding partners in the presence and absence of IL-3 ( Figure 6c ). Upon withdrawal of IL-3, FLAG-zebrafish Bcl-2 bound to substantially more BIM EL and BIM L, whereas the opposite binding pattern was observed for BAX. Finally, zebrafish Bcl-2 bound well to PUMA before and after IL-3 withdrawal.
Discussion
The genetically tractable zebrafish model system holds great promise to further our understanding of the vertebrate mitochondrial-mediated apoptosis pathway, which is important for normal embryologic development and disrupted during the molecular pathogenesis of cancer. 33 Within the zebrafish Bcl-2 family of genes, there is a high degree of sequence conservation within specific regions, like the BH3 domain, of the BH3-only proteins whereas other regions tend to be relatively divergent (Coultas et al. 17 and Kratz et al. 20 ; Figure 1 and data not shown). Thus, conserved synteny within the genome has contributed an important component to the identification of structural and functional zebrafish orthologs of the corresponding mammalian BH3-only genes.
Prior to our work, a BIM ortholog had not been identified in zebrafish, and it had been suggested that zebrafish bim existed only as a pseudogene. 20 This posed a significant problem for those who wished to interpret results from zebrafish as relevant to mammalian apoptotic signaling. Mammalian BIM has been shown to play a critical role in the Figure 4 Zebrafish BH3-only peptides display a toxicity in isolated mouse mitochondria that is similar to lethality of the respective full-length proteins in vivo. (a) To design zebrafish BH3 domain peptides, zebrafish BH3-only protein sequences were aligned with human or mouse peptides as described previously. 9, 14 (b) Mitochondria (0.5 mg/ml) isolated from wild-type MEFs were treated with zebrafish, mouse, or human BH3 domain peptides (10 mM). Percent cytochrome c release was measured by ELISA. (c) BH3 domain peptides were analyzed as in (b) but with mitochondria isolated from BAX À/À , BAK À/À MEFs (DKO). Standard deviations of at least three independent measurements are in parentheses mitochondrial-mediated apoptosis pathway for many important types of cell death. 29, 34, 35 We felt that identification of a BIM ortholog was absolutely essential to credential the zebrafish as a model system for studies of the vertebrate cell-death pathway. We found that compared to human and mouse BIM, zebrafish Bim shows 100% conservation of the BH3 domain (Figure 1) . Importantly, zebrafish Bim shows conservation of the (human) serine 69, which is required for ERK1/2-dependent phosphorylation-mediated proteasomal degradation, 21, 22 and possibly (human) serine 87 (depending on how zebrafish serine 68 is aligned), which has been shown to regulate activity of BIM through phosphorylation by AKT. 23 Conservation of these serines, despite surrounding areas of divergent sequence, implicates their potential functional importance in the BIM EL domain. Notably, zebrafish Bim lacks an obvious dynein light chain-binding site (Figure 1 ). It will be interesting to determine whether localization of BIM to microtubules 24 is conserved in zebrafish. When overexpressed in early embryos, we found that zebrafish bim, noxa, and puma potently induced apoptosis before the advent of zygotic transcription. Death is likely induced through engagement of the intrinsic mitochondrialmediated apoptotic pathway, as functional BH3 domains are required (Figure 2c ) and Caspase-3 is activated (Figure 2a ). It Figure 5 Zebrafish Bcl-2 has evolved to bind a distinct set of BH3-only proteins. Binding affinities between GST-zBcl-2 and BH3 domain peptides were analyzed by fluorescence polarization. (a) Representative binding curves show selective binding between antiapoptotic zebrafish Bcl-2 and zebrafish and mouse BH3-only family members. (b) Dissociation constants (in nM) were calculated for each interaction and then corrected for impurities in the protein (62.8% pure protein, 37.2% impurities). Standard deviations of at least three independent measurements are in parentheses. Yellow blocks signify high affinity binding, blue blocks and minus sign signify no observed binding (K d >700 nM). Activators are in purple, sensitizers in green. n.a., not assayed. We previously published the GST-BCL-2 binding data, 14 and permission was kindly granted by Cancer Cell to reprint the data here for the sake of comparison is intriguing to speculate why maternal mitochondria are already equipped with proteins to execute death signals during the first few hours of development. It suggests that either developmental modeling via apoptosis or the destruction of defective cells or even whole embryos is important even at very early stages of development.
As mammalian BH3-only proteins function in part by binding (via the BH3 domain) to antiapoptotic BCL-2 family members, we questioned whether zebrafish BH3-only protein-binding interactions were conserved. To assess the conservation of protein-protein interaction patterns, we analyzed the ability of each zebrafish BH3 domain peptide to bind to the full-length zebrafish Bcl-2 protein ( Figure 5 ). Although zebrafish Bim and human BIM interacted strongly with zebrafish Bcl-2, we found that the other BH3 domain peptides diverged in their affinities for zebrafish Bcl-2. Remarkably, although the human BID peptide showed similar affinity for both human BCL-2 and zebrafish Bcl-2, the zebrafish Bid peptide failed to detectably bind to zebrafish Bcl-2, and zebrafish bid mRNA expression was only moderately pro-apoptotic in vivo (50% death by 24 h). Mammalian BID is normally activated by cleavage by caspase-8, 36, 37 at a site that is conserved in zebrafish Bid (data not shown), and it is possible that zebrafish Bid is not sufficiently cleaved after its overexpression in embryos. However, the isolated zebrafish Bid BH3 domain peptide also failed to induce cytochrome c release in isolated mitochondria ( Figure 4) suggesting that either its function has diverged from mammalian BID, or it is not in fact the true functional ortholog of BID. Notably, the identified zebrafish Bid ortholog is not syntenic with mammalian BID, and although it has been reported that the zebrafish Bid protein is 36% identical to human BID, 20 we have been unable to show more than 23% identity between these two species using both the Jotun Hein and the ClustalW alignment methods (data not shown).
We have previously demonstrated in transgenic zebrafish engineered to express zebrafish Bcl-2 specifically in lymphoid cells that like mammalian BCL-2, zebrafish Bcl-2 is able to inhibit apoptosis induced by exposure to ionizing radiation and treatment with dexamethasone. 38 We reasoned that if zebrafish Bcl-2 is highly functionally conserved, then it should function similar to human BCL-2 in a mammalian system. Indeed, we found that like human BCL-2, zebrafish Bcl-2 is able to bind to mammalian BID and BIM proteins and is capable of inhibiting IL-3 withdrawal-induced apoptosis in murine FL5.12 cells. Furthermore, zebrafish Bcl-2 bound more BIM in the absence of IL-3 suggesting that like human BCL-2, zebrafish Bcl-2 inhibits apoptosis in IL-3-deprived mammalian cells by sequestering the pro-apoptotic BIM protein.
Thus, we have demonstrated a high degree of functional conservation between zebrafish and mammalian BCL-2 family proteins, while simultaneously uncovering specific areas of divergence, such as in protein-protein interaction patterns. Ultimately, these findings will serve as a foundation for analysis of the BCL-2 family of proteins by way of future forward genetic and chemical modifier screens using the genetically tractable zebrafish model system.
Materials and Methods
Constructs. Zebrafish cDNAs were cloned into pCS2 þ and digested with NotI. BH3 domain mutations were engineered into the coding sequences by site-directed mutagenesis (Quikchange II Site-directed Mutagenesis kit, Stratagene). The following primers were generated to perform the mutagenesis on pCS2 þ constructs:
zbid-L96A (GCGAGAGAAATGGCGGCAGAGGCGATCAGAATAGCAGATC) zbim-L128A (GGTGGTCGCTCGTGAAGCGCGACGCATAGGCGATG) zbim-E132A, D133A (GCGACGCATAGCCGCTGAGTTCAATCGCC) zbad-L99A (GCAGCTAAGAAATACGGCCAACAGGCGAGAAGAATGGCTGA TGAG) zbad-S84D (GGCCGAGATCCCGCGATGCTCCTCCTGCTTTGTGGGC) Lysates were prepared from cells treated as described in (b). Lysates were combined with Protein A beads and incubated with FLAG antibody (7 mg). Proteins interacting with FLAG (vector) and FLAG-zBcl-2 were analyzed and compared by western blot with antibodies to the indicated BCL-2 family proteins zbad-S103D (CGGCCAACAGCTGAGAAGAATGGATGATGAGTTTGATAAAG GG) zbad-S84A (GGCCGAGATCCCGCGCTGCTCCTCCTGCTTTGTGGGC) zbad-S103A (CGGCCAACAGCTGAGAAGAATGGCTGATGAGTTTGATAAAG GG) znoxa-L16A (GTGCGCGCAGCAGGCGCGCAACATTGG) zpuma-L134A (GGAGAGGGTGGCCGTACAAGCGAGGACAATTGGGGACG) zpuma-D139A (GCGAGGACAATCGGGGCCGCGATGAACGCTGTC) zpuma-E140A (GGACAATCGGGGACGCGATGAACGCTGTCTTCC) Messenger RNA was made using the SP6 Message Machine kit (Ambion) and purified for microinjection with NucAway Spin Columns (Ambion). Bacterial expression constructs were generated by subcloning the zebrafish bcl-2 coding sequence into either pGEX-4T-1 (to create GST-zBcl-2 protein) or pCMV-3XFLAG (to create FLAG-zBcl-2 protein). The C-terminal transmembrane domain of zebrafish Bcl-2 was truncated by 19 amino acids in length to maintain solubility in aqueous solution.
Cloning and alignments of full-length bim. A putative zebrafish bim ortholog was initially identified through synteny comparisons with human and mouse genomic sequences using the Ensembl genome database (Sanger, UK) as described in the Results section. The following primers were used to amplify fulllength bim from 24 hpf zebrafish cDNA (ORF sequence in caps): 5 0 : ccgggaattcATGTCTGACACGTCCAGAGAGCAAA 3 0 : ccagctcgagTCATCTTCTTCGCAGGAAAAAG The bim cDNA was initially TOPO-cloned (Invitrogen, USA) and subsequently transferred into pCS2 þ using EcoRI and XhoI digestion (New England Biolabs). Alignment of zebrafish Bim and mouse and human BIM (EL) proteins (GenBank nos. AF032459 and AF032457, respectively) was performed using ClustalW and Boxshade from the EMBnet server. Individual pairwise alignments were used to determine identity and overall similarity between protein sequences.
Microinjections. Zebrafish AB strain one-cell stage embryos were injected with 100 ng/ml mRNA (approximately 300 pg per embryo). When dose responses were performed, egfp mRNA was supplemented to maintain the same total amount of mRNA injected. To control for natural variations in the percentage of surviving embryos following microinjection, an egfp control was included within each clutch of embryos injected, and experimental values for embryo survival at 2 h were calculated by dividing the percentage of embryos surviving in the experimental groups by the egfp control group. Unfertilized embryos were included in the calculations as the toxicity of BH3-only mRNAs occurred in both fertilized and unfertilized embryos. Where indicated, mRNA encoding mcherry (a monomeric variant of the fluorescent protein dsRED 39 ) was injected as a negative control.
Whole-mount zebrafish immunofluorescence (Casp3 assay). To perform the Casp3 assay, embryos were fixed in 4% paraformaldehyde overnight at 41C and then transferred to 100% methanol overnight at À201C. Embryos were then washed three times for 5 min with 1 Â PBST (1 Â PBS with 0.1% Tween) and transferred into 300 ml block (10% heat-inactivated FBS, 2% BSA in PBST) for 1 h at room temperature. A 1 : 500 dilution of antiactivated human Caspase-3 antibody (BD Biosciences, no. 559565) was added, and embryos were incubated at 41C overnight. Embryos were then washed three times, 10 min each, with PDT buffer (1 Â PBST, 0.3% Triton X, 1% DMSO) and then transferred back into block for 1 h at room temperature. A Molecular Probes goat anti-rabbit IGG Alexa Fluor 488 (green fluorescing, and used if embryos expressed mcherry) or 568 (red fluorescing, and used if embryos expressed egfp) was then added at a concentration of 1 : 200, and embryos were incubated at 41C overnight. The next day, embryos were washed three times in PDT for 10 min each and visualized. All steps involved rocking the embryos except the methanol step. Embryos were stored in 80% glycerol and then results were documented by fluorescence microscopy using a Nikon Digital Sight DS-2MBWc black and white camera. All fluorescent pictures were taken at exactly the same exposure, gain, and magnification. Quantitation of fluorescence was performed with Volocity software.
